Abstract. The performance of a single-stage centrifugal pump with designed flow rate of 0.028m 3 /s, head of 20m and rotating speed of 1450rpm have been steadily simulated for four geometric models, in which the angle between the impeller blade and the tongue is 44°, 29°, 15°and 0° (where the blade meets the tongue) separately. The comparison of the simulated results to the experimental data show that the computed head and power are lower than that of the experiment, but the efficiency is up to 12.0% higher than the test result. The steadily simulated characteristics of the pump in four cases change with the blade relative location against the tongue. At the small flow rate of 0.6Qd (Qd is the designed flow rate), the pump head fluctuation ΔH is nearly 2.14m, pump efficiency fluctuation Δη reaches 3.06%, and the impeller efficiency variation Δηi reaches up to 8.0%. At the high flow rate of 1.4Qd, ΔH equals 1.45m, Δη is approximately 6.68%, and Δηi is 1.03%. Under the design condition, the pump performance in four cases are almost the same show that the angle between the impeller blade and the tongue has neglectable effect. At last, unsteady simulation of the pump performance has been carried out and compared to experimental result. It indicates that the unsteady simulation is in agreement with the experiments. As a result, careful consideration should be taken while optimizing the pump performance by a method of steady simulation.
Introduction
Centrifugal pump is a widely used rotary machinery for transporting liquid. Improving the pump efficiency or enlarging its working range by the way of structure modification has always been one of the research goals. In recent years, CFD software, as a convenient, economical and effective means to virtually display the fluid flow structure, has been widely applied for pump research. A lot of investigation, such as flow in impeller and volute of the centrifugal pump, cavitation, vibration etc., have been finished by CFD numerical simulation. As the centrifugal pump performance is relative stable, being considered time-independent during pump running process, a steady numerical method is frequently used to simulate the pump characteristics for comparing and optimizing pump structure and performance [1] [2] [3] [4] [5] [6] . However, a frozen rotor method used in steady simulation of centrifugal pump assumes the impeller has an unchanged location against the volute, and it is completely different from the true case, in which the boundary condition of a fixed point at the exit of the impeller changes with rotation. Therefore, In order to understand the influence of the frozen impeller method on steady simulation result of the pump characteristics, four geometric models, in which the angle between the impeller blade and the tongue is 44°, 29°, 15°and 0°(where the blade meets the tongue)separately, have been steadily simulated by CFD. comparison of the four simulation results with unsteady simulation and experimental results have been carried out, and some conclusions obtained may supply a reference for pump research by CFD simulation.
Steady Simulation of Pump Performance

Geometric Model
A single-stage centrifugal pump with designed flow rate Qd of 0.028m 3 /s, head H of 20m, rotating speed n of 1450rpm and a specific speed ns of 94 is selected as a computed model, for its experimental performance is get easily from reference [7] . Tab.1 list the main parameters for the pump, and Fig. 1 shows the four geometric models for comparing simulation. The angle between the impeller blade and the tongue is 44 °, 29 °, 15 ° and 0 ° respectively, shown in Fig.1 (a), (b) , (c) and (d). The leakage flow through the gaps between the impeller and the front and back casing are neglected for convenience of simplifying the simulation. 
Numerical Algorithm
Four simulation models shown in Fig.1 were meshed, and then the meshes were checked for grid independence. Considering the calculation economy, the grid number is selected as about 183. in a suck pipe separately. Boundary conditions are set as velocity-inlet at the pump inlet, outflow at the volute exit. The standard k-ε turbulence model [1] with standard wall function is adopted for calculation, in which the SIMPLE algorithm is used for pressure-velocity coupling. The governing equations were discretized by the second-order upwind scheme for the momentum terms and the first order upwind format for the other terms for ensuring both the accuracy and computation economy, and the calculation residual is set to 10 -4
. The working conditions of the pump are 0.6Qd, 0.8Qd, 1.0Qd, 1.2Qd and 1.4Qd separately. In this paper, based on the steady numerical simulation, the unsteady numerical simulation also has been carried out for the model. The time step is taken as 6.8966 × 10 -4 s, and the other settings are the same as that in the former steady simulation. Fig.2 shows five Head-Flow rate (H-Q) curves, one of which is the experimental H-Q curve [7] and the others are steadily calculated H-Q curves corresponding to the angle of 44 °, 29 °, 15 ° and 0
Results and Analysis
Pump's External Characteristics
°respectively. Fig.2 exhibits that the position between the blade and the tongue have a significant impact on the pump performance at off-design conditions, especially the small flow conditions. At 0.6Qd condition, while the working surface of the blade approaches the tongue, the head decrease and then reaches the minimum where the blade and the tongue overlap. The difference between the maximum and minimum head is around 2.14m. At 1.4Qd condition, the head change with the angle between the blade and the tongue exhibits an opposite tendency. While the blade close to the tongue, the head slightly increases, and the maximum head fluctuation is about 1.45m. Under design condition, the head variation equals about 0.73m and can be completely ignored. Meanwhile, Fig.2 also shows that the calculated heads are all lower than the experimental result. the farther the pump work away from the design condition, the greater the characteristics difference between them. Impeller efficiency to flow curves (ηi-Q) and the pump efficiency -flow curves (η-Q ) obtained from the numerical simulation are shown in Fig.3 , in which the impeller efficiency is defined as the ratio of the energy obtained by liquid flowing through the impeller to the pump input power. Fig.3 indicates that under 0.6Qd condition, while the blade closes to the tongue, the efficiency η and ηi all increase and then reaches the highest when the blade overlaps with the tongue. The lower the flow rate, the faster the impeller efficiency ηi drops. By comparing Fig.3 (a) and 3 (b) , it is found that at 0.6Qd condition, the impeller blade approaching the tongue corresponding to the position with the angle of 15 ° and 0 °, the impeller efficiency ηi changes little, but the pump efficiency η declines rapidly for increase of the volute loss. The impeller efficiency fluctuation Δηi is high up to 8.0%, and the pump efficiency fluctuation Δηis 3.06%. At high flow conditions (Q≥Qd), with increase of flow rate, the impeller efficiencies ηi of four models all decrease slowly and tend to be consistency, but the pump efficiencies, especially in the models with the angle of 44 ° and 0 ° decrease rapidly. It reveals that the volute loss increase fast with flow rate, but its value changes with the angle between the blade and the tongue. As Q = 1.4Qd, Δηi is only 1.03%, yet Δη reaches up to 6.68%. At design condition, both of Δηi and Δη is 0.86% and 2.70% respectively. In a word, under high flow condition, the position of the tongue relative to the volute has little effect on the flow in the impeller, but a great influence on the flow in the volute. Under low flow condition, the position affects the flow in both the impeller and the volute. The farther the flow in pump away from the design condition, the greater the position effect on the flow in pump. As a result, the models have different characteristics. In Fig.3 , the computed efficiency is 12.0% higher than the test result. Fig. 4 to Fig. 6 show the circumferential distribution of the area-averaged static pressure, tangential velocity and flow rate on the cross-section labelled by angle value in the volute at condition of 0.6Qd, 1.0Qd and 1.4Qd respectively, where the dotted lines stand for the angle position-averaged value of static pressure, tangential velocity and flow rate. In Fig. 4 (a) , at 0.6 Qd condition, the static pressure decreases from the location of the tongue and then increases along the circumferential direction, and the rate of change are different with the angle position of the blade and the tongue. In the model with angle of 0 °, the static pressure increases rapidly from the cross-section of around 40 ° and then goes up slowly. However, the static pressure in other three models increase slowly from the section of about 60 ° to the section of 240 °and afterword increase fast, and eventually is higher than that on the same section of the volute in the model with angle of 0 °. In Fig.4(b) , under design condition, the static pressure fluctuates around pressure of 0.16MPa. However, it changes greatly from the tongue to the section of 60° in the volute, and characterized by the obvious phase difference between these models, the reason of which may be the significant unsteadiness for the impeller passing through the tongue. Afterword, these static pressure curves gradually converge, and fluctuate very little. But from the section of 320°, the fluctuation increase slowly again. Being compared with those in Fig.4 (a) and (b), the static pressure curves in Fig.4 (c) almost converge at high flow rate. It distributes parabolically along the circumferential direction, and the maximum pressure appears at the section of about 180°in the volute. Consequently, the effect of interaction between the impeller and the tongue under high conditions is neglectable. In Fig.4 , the pressure at the inlet of the diffuser has a great influence on flow in the gap between the impeller and the tongue, and further affects the pressure distribution in the volute. From the tongue, the pressure decreases gradually in Fig. 4 (a) but increases in Fig. 4(c) , the extreme pressure thus moves to a section approximately located at the middle of the volute, which deteriorates the flow in the impeller and volute upstream of the diffuser. In Fig.4(a) , the blade overlapping with the tongue makes the pressure at the inlet of diffuser has little effect on the pressure distribution in the volute, but in other three models, the inlet pressure of diffuser affects greatly the volute flow, and accordingly lead the pressure distribution curves in the volute completely different. Fig.5 shows the circumferential distribution of the area-averaged tangential velocity at the cross-section in the volute at conditions of 0.6Qd, 1.0Qd and 1.4Qd separately. In Fig. 5(a) , under small flow condition, the average tangential velocity on the same sections in four models differ greatly. From the tongue, they all increase fast, and then drop. During the decrease, the velocity in the model with angle of 0°changes fast first, and then slowly, while the other curves change fast, then slowly, and then fast again. In Fig. 5(b)and (c) , the position of the impeller blade against the volute has certain effects on the velocity of sections from 0°to 60°. Outside the above range, these velocity curves tend to converge. In Fig.5(c) , the tangential velocity in the clearance between the impeller and the tongue is negative for the reversal flow of the fluid in the volute driven by strong suction of the lower pressure at the inlet of diffuser. 6 shows the circumferential distribution of the flow rate through the cross-sections in the volute under conditions of 0.6Qd, 1.0Qd and 1.4Qd separately, in which, the circumferential linear distribution of the flow rate under design condition, as shown in Fig.6(b) , is considered to be optimal for the hydraulic loss in this case is lowest. In Fig.6(a) , the flow rate in the model with angle of 0°distributes more reasonably along circumferential direction for it increases uniformly with circumferential location. However, the flow rate in other three models increase rapidly first, and then decrease fast when approaching the inlet of diffuser. The Unevenness for flow rate circumferential change will increase the hydraulic loss and decrease the efficiency. In Fig.6(c) , it will bring about the same result that the flow rate increases slowly, and then rapidly. Fig.7 shows the comparative result of these characteristics, which are supplied by experiment, the time-average of the unsteady simulation, and the position-average of the steady simulation separately. Obviously, the time-averaged performances of the unsteady simulation are more consistent with the experimental result, and the same conclusion is also obtained in reference [8, 9] . 
Analysis of Flow Field
Comparison of the Pump Characteristics Simulated by Steady and Unsteady Method
Summary
In this paper, four computed models with the angle of 44°, 29°, 15°and 0°separately between the impeller blade and the tongue were steadily simulated. The results indicate that when the relative position between the blade and the tongue differs, the flow and the external performance of the pump, computed by steady simulation, are very different from each other. The reasons are analyzed as the strong unsteadiness for both the interaction between the impeller blade and the tongue and the effect of the pressure at the inlet of diffuser on the flow in the clearance between the impeller and the tongue. However, this strong unsteadiness cannot be computed by steady simulation. Therefore, the steady simulation result can only be taken as a reference not a determinant when comparing the pump performance under different conditions, especially off-design conditions. If being as an analytical tool, the steady simulation should be validated further. In addition, the pump performance obtained by unsteady simulation is more consistent with the experimental result. Therefore, the time-average of unsteady simulation may supply a credible reference for rotary machine.
